Investigating the pygmy dipole resonance using decay Scheck, M.; Mishev, S.; Ponomarev, V. Yu.; Chapman, R.; Gaffney, L.P.; Gregor, E.T.; Pietralla, N.; Spagnoletti, Pietro; Savran, D.; Simpson, G.S.
In this contribution it is explored whether γ-ray spectroscopy following β decay with high Q values from mother nuclei with low ground-state spin can be exploited as a probe for the pygmy dipole resonance. The suitability of this approach is demonstrated by a comparison between data from photon scattering, 136 Xeðγ; γ 0 Þ, and 136 I ½J π 0 ¼ ð1 − Þ → 136 Xe Ã β-decay data. It is demonstrated that β decay populates 1 − levels associated with the pygmy dipole resonance, but only a fraction of those. The complementary insight into the wave functions probed by β decay is elucidated by calculations within the quasiparticle phonon model. It is demonstrated that β decay dominantly populates complex configurations, which are only weakly excited in inelastic scattering experiments. DOI: 10.1103/PhysRevLett.116.132501 In the last few decades an additional structure in the E1-strength distribution of atomic nuclei has been established near the particle-separation thresholds. It appears as a resonancelike accumulation of 1 − levels on top of the low-energy tail of the isovector giant dipole resonance (GDR) [1] and is denoted as the pygmy dipole resonance (PDR) [2] . While the GDR exhausts 100% or even more of the E1 strength predicted by the Thomas-Reiche-Kuhn sum rule, the E1 strength of the PDR is typically of the order of a few percent or even less. A detailed survey of experimentally determined E1 strengths for nuclei where they have been measured and the method used to extract those are summarized in Ref. [2] . The geometric picture that is most commonly associated with this additional E1 strength is an out-of-phase motion of excess neutrons versus an almost isospin-saturated (N ≈ Z) core. Indeed, transition densities calculated within microscopic models [3] , such as the quasiparticle phonon model (QPM) [4] or relativistic quasiparticle time-blocking approximation [5] confirm a neutron surface excitation for 1 − levels with enhanced BðE1Þ excitation probabilities (e.g., see Refs. [6, 7] ). However, other mechanisms such as toroidal or compression flows (e.g., see Refs. [8, 9] ) and clustering effects, here in particular α clusters [10] , are also proposed to contribute to low-lying E1 strength.
The importance of the low-energy E1 strength is manifold. The neutron-skin oscillation picture suggests a separation of proton and neutron matter in the neutron skin. Some theoretical approaches, e.g., Refs. [11] [12] [13] , show a connection to the symmetry term of the nuclear binding energy and the nuclear equation of state. However, other approaches employing a correlation analysis [14, 15] conclude that there is only a marginal correlation between the low-lying E1 strength and these quantities. At present, the situation remains controversial. In any case, the presence of additional E1 strength near the neutron separation threshold has an impact on neutroncapture rates in astrophysical calculations [16] [17] [18] . The 1 − levels forming the PDR have lifetimes in the lower femtosecond or even attosecond range. As a consequence of the associated broad resonance width Γ, these levels act as wide open doorway states in the neutron-capture process. Additionally, the short lifetimes, which approach typical neutron evaporation times, permit a fast depopulation of the capture levels to lower-lying bound states, which stabilizes the newly formed nucleus against subsequent neutron emission. Applying detailed balance, in the photon bath of an astrophysical r-process environment, the PDR levels above the threshold enhance the reverse process of ðγ; nÞ photodissociation. Consequently, for the astrophysical r process that proceeds via neutronrich nuclei, where the PDR is predicted to be most pronounced, the amount of E1 strength and its positioning relative to the neutron separation threshold is of importance.
However, the experimental picture of the E1 strength is not consistent. As outlined in Ref. [2] , the extracted E1 strengths vary significantly depending on the employed experimental technique. At present, the most complete approach is the (p; p 0 ) inelastic proton scattering at small forward angles. This tool allows the extraction of the complete BðE1Þ-excitation strength below and above the neutron threshold [19] [20] [21] . However, with respect to theory, the experimental information extracted solely from these experiments is limited to the excitation strength.
A milestone in the experimental investigation of the PDR that allowed an insight into the structure of the wave functions of these 1 − levels, was the comparison of data obtained via the scattering of real photons (γ; γ 0 ) and the inelastic scattering of α particles (α; α 0 γ) [6, [22] [23] [24] . The latter represents an isoscalar probe, which is sensitive to surface excitations and the comparison revealed that the PDR splits into a low-energy isoscalar part and a high-energy isovector part. This feature has been confirmed in ( 17 O, 17 O 0 γ) scattering; e.g., see Refs. [25, 26] .
In Ref. [21] , a comparison of 120 Snðp; p 0 Þ and 120 Snðγ; γ 0 Þ [27] revealed that the latter technique misses a large fraction of the dipole strength due to unobserved branches. Despite this previously known shortcoming, the ðγ; γ 0 Þ technique, which is commonly denoted as nuclear resonance fluorescence (NRF) [28] , is the workhorse for the experimental investigation of the PDR in stable nuclei. The angular-momentum transfer of the ðγ; γ 0 Þ reaction is almost entirely limited to its 1ℏ intrinsic angular momentum of the photon and, hence, NRF is sensitive to dipoleexcited states and allows the spectroscopy of J ¼ 1 levels embedded in a sea of levels with other spins. However, the price to pay is that the scattering off the atomic system outweighs the intended scattering off the nucleus by far and the spectra are dominated by this background. Furthermore, for the high-energy γ rays involved, the full-energy detection efficiency, even of modern large volume highpurity germanium detectors, is small, adding incompletely detected events to the atomic background. Consequently, often weak decay branches or even strong decay branches from weakly excited states cannot be resolved from the background. Missing decay branches lead to an underdetermination of the total decay width Γ as well as the ground-state decay width Γ 0 and subsequently to a too low BðE1Þ strength. Convincing evidence for the nonobservation of such branches in NRF experiments using bremsstrahlung is, for example, presented in Refs. [29, 30] . Exploiting NRF with quasimonochromatic Comptonbackscattered laser photon beams [31] , which excite 1 − levels in a narrow energy range, the observed depopulation of low-lying excited states allowed the extraction of average branching ratios [32] [33] [34] [35] [36] . Finally, the total E1 strength below the threshold can be extracted but, in terms of a state-by-state spectroscopy, the situation remains unsatisfactory.
An opportunity to obtain these crucial γ-ray branching ratios has recently been highlighted by spectra recorded in total absorption γ-ray spectrometry (TAGS) [37, 38] following β decay, which revealed considerable population probabilities for high-lying states. For some β decays such as 86 Br! β 86 Kr, the population of levels with energies corresponding to almost the Q β value were reported. β decay prefers to connect levels with similar spin and parity and the J π ¼ 1 − ground state of 86 Br [39] makes it very likely that, in this particular example, 1 − levels associated with the PDR are populated. This leads to the conclusion that β decays with high Q β values from mothers with low ground-state spin and negative parity are capable of populating 1 − levels associated with the PDR. In the nuclear landscape a considerable number of such β decays are encountered and examples of such cases are listed in Table I . The aim of this work is to evaluate the extent to which the combination of β decay and ðγ; γ 0 Þ provides improved spectroscopic information and to employ the QPM to investigate the complementary insight into the microscopic structure of the wave function of the 1 − levels of interest provided by β decay. For this purpose the case 136 I ½J 0 ¼ ð1 − Þ → 136 Xe has been chosen as an example. For this decay Q β ¼ 6.93 MeV is sufficient to populate higher-lying 1 − levels in a stable nucleus and published data from β-decay studies [41] as well as NRF [42] exist. In the 136 Xeðγ; γ 0 Þ reaction, large numbers of spin-1 levels were observed below Q β (see Fig. 3 in Ref. [42] ). A comparison of the level populations in both experiments is shown in Fig. 1 . It is evident that several levels are observed with both techniques.
At this point it is worth mentioning that the γ rays from the β-decay experiment were recorded using firstgeneration Ge(Li) semiconductor detectors, each with about 10% γ-ray detection efficiency. None of these detectors was equipped with any type of active anti-Compton shielding. Because of the low γ-ray detection efficiencies in this experiment, γγ-coincidence events are reported only for levels up to an energy of 4.5 MeV. Hence, the assignment of level energies based on γ-ray energies is not unambiguous. Despite this ancient equipment by present standards, the authors performed outstanding work and report γ-ray branches to lower-lying excited states for several levels. Because of the background, none of these branching transitions was resolved in a recent ðγ; γ 0 Þ experiment [42] . However, the ðγ; γ 0 Þ spectra clearly demonstrate that the strong branching transition of the 5322-keV level reported in β decay is, if at all present, much weaker than reported. In Fig. 1 it is also evident that considerable numbers of γ-ray decays were observed exclusively with one of the methods. This observation can have experimental reasons. For example, due to the missing coincidence information in ðγ; γ 0 Þ, only the Ritz combination principle can be used to assign decays to lower-lying excited states. Consequently, some of the γ rays in Fig. 1(a) might correspond to decays to lower-lying excited levels and not to ground-state transitions. Furthermore, levels populated in β decay can have a too small excitation probability in ðγ; γ 0 Þ and are below the sensitivity limit or are subject to the previously mentioned branching ratio problem. In particular, the levels at 4454 and 5016 keV, strongly populated in β decay but not observed in NRF, exhibit large branching transitions to lower-lying exited states. Moreover, in Ref. [42] a negative parity of the observed J ¼ 1 levels was assumed, but so far not firmly established. As a result of the parity change, the degree of forbiddenness is higher and the population probability of 1 þ levels is reduced in β decay. Consequently, β-decay data provide valuable additional spectroscopic information, but not for all 1 − levels below Q β . A second possibility for the different patterns in Fig. 1 is the role of the populating nuclear reaction. We discuss below the differences in excitation of 1 − states in inelastic particle scattering and NRF experiments with the population of the same set of states in β decay. For simplicity, we restrict the calculations in this initial study to Fermi β decays.
In comparison to 136 Xe in its ground state, the nucleus 136 I has an extra neutron in the jfi ≡ j2f 7=2 i level and a proton hole in the jgi ≡ j1g 7=2 i level which couple to the ð1 − Þ total angular momentum. Theoretically, the ground state of 136 I is described as the lowest energy 1 − pn phonon built on top of the 136 Xe ground state. The QRPA calculation predicts that this state has an almost pure (> 99.9%) ½νf; πg −1 1 − particle-hole configuration.
If only 1p1h excitations in the daughter nucleus are considered, then the Fermi β decay of the neutron in the f level leaves 136 Xe in either ½πf; πg −1 1 − [as drawn in Fig. 2(a) ] or in the ½νf; νg −1 1 − excited states.
Alternatively, a neutron in some other subshell jji may also undergo a β decay [e.g., jji ≡ j1h 11=2 i in Fig. 2(b) ] leaving the daughter nucleus in the 2p2h excited state ½πj; νf; πg −1 ; νj −1 1 − [see Fig. 2(b) ]. The probability of finding the daughter nucleus in the 136 I! β 136 Xe reaction in these particular 1p1h and 2p2h configurations is predicted to be of the same order. The level jji located between the f and the g levels allows it to have simultaneously a neutron hole and proton particle.
To obtain a more realistic picture of the 136 Xe states populated in β decay, it is necessary to project this simple mean-field picture onto more realistic eigen-wavefunctions of the final 1 − excited states. The QPM is capable of providing such a set. In Refs. [22, 42] , there is a good description of the E1 fragmentation pattern in 136 Xe below the neutron threshold employing wave functions which contain one-, two-, and three-phonon components. The BðE1Þ-strength distribution over this set of states of 136 Xe is presented in Fig. 3(a) .
For the purpose of this Letter, the QPM was extended to describe the β decay of odd-odd nuclei to excited states of even-even nuclei. Previous β-decay studies [43, 44] dealt with even-even mother nuclei.
Within the QPM, the 1p1h configurations ½πf; π1g −1 1 − and ½νf; νg −1 1 − are fragmented over one-phonon 1 − i states (where i ¼ 1; 2; … is the order number of the phonon with particular λ π quantum numbers). Analogously, the 2p2h ½πj; νf; πg −1 ; νj −1 1 − configurations are distributed over two-phonon states with structure ½λ π 1 1 i 1 × λ π 2 2 i 2 1 − . The intensity I β of the population of the QPM states in the 136 I! β 136 Xe reaction has the form
where f ð0Þ j ¼ hjðpÞ∥τ∥jðnÞi is the reduced matrix element of the Fermi β decay,λ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi 2λ þ 1 p , u and v are Bogoliubov's coefficients (their squares are the occupation probabilities for holes and particles, respectively), X are the QRPA forward amplitudes, and R and P are the amplitudes of one-and two-phonon components of the QPM wave function, respectively. The calculated intensities I β are shown in Fig. 3(d) .
The intensities of β decays to 1 − states in 136 Xe [the first term of Eq. (1)], which are constructed from the ½νf; νg −1 1 − and ½πf; πg −1 1 − 1p1h states whose energies are calculated to be 6.9 and 9.7 MeV, respectively, are presented in Fig. 3(e The decays to two-phonon components of 1 − state wave functions is 12.6 times stronger than those to the one-phonon component. This is dramatically different from the case when the 1 − states of 136 Xe are excited from the ground state of 136 Xe in NRF or when using other inelastically scattered probes. In the latter processes, the excitation proceeds predominantly via the one-phonon components as seen in panels (b) and (c) of Fig. 3 . It is worthwhile mentioning that the quantities shown in all six panels of Fig. 3 are plotted for the same set of 1 − states.
Since the QPM often calculates the PDR energy somewhat higher than experiment, the experimental limit of a maximum Q β value was neglected in the calculations. Consequently, the influence of the phase-space factor for electrons and antineutrinos on the level population probability is so far not implemented. Nevertheless, the comparison of the distinct level population properties calculated within the QPM (Fig. 3) allows, when applied to the experimental data shown in Fig. 1, conclusions to be drawn about the structure of the observed levels. For example, the calculations predict that the states with a strong ½νf 7=2 ; νg −1 7=2 configuration in their wave function should be well excited in both reactions. The experimentally observed levels at 5322, 5801, and 5872 keV exhibit this feature. The levels strongly excited in NRF but not populated in β decay are probably dominated by other neutron configurations such as, for example, ½ν1i 13=2 ; ν1h −1 11=2 or ½ν3p 3=2 ; ν2d −1 5=2 . At the same time, the levels at 4454 and 5016 keV observed in β decay only are good candidates to be two-phonon states. This statement is also supported by their weak decay to the ground state. The observation that the energy of levels containing a strong ½νf 7=2 ; νg −1 7=2 1p1h component is lower than the calculated two-quasiparticle configuration indicates that its energy needs refinement. Hence, the new spectroscopic information provides a new test for the model.
In this Letter, shortcomings of the PDR studies in inelastic scattering experiments are discussed. It is demonstrated that β decay populates levels associated with the PDR, but only a fraction of those. Spectroscopy following β decay, with its comparably background-free spectra and opportunity to perform γγ-coincidence measurements, will supplement other experimental techniques such as NRF or possibly even relativistic Coulomb excitation (e.g., see Ref. [45] ). The QPM calculations demonstrate that the comparison of level-population probabilities provide an alternative insight into the microscopic structure of the wave functions of 1 − levels. Hence, β decay represents an additional probe for PDR studies.
